Abstract: Acute infectious gastroenteritis causes high morbidity and mortality in children worldwide. The most important cause of gastroenteritis is virus infection. Diarrhea is the dominant symptom of viral gastroenteritis. It subsequently induces dehydration and malnutrition, which contribute to high morbidity and mortality in children. In Taiwan, rotavirus is the major cause (30.4-48%) of infectious gastroenteritis, followed by adenovirus (9.1-19.8%), norovirus (8.2-25%), enterovirus (< 5.2 %), astrovirus (2.7-2.9%) and other viruses (including sapovirus)(< 1 %). Untreated gastroenteritis is the major cause of infantile mortality, which leads to human tragedy and economic burden. In Taiwan, the cost of admission or hospitalization associated with gastroenterovirus infection is about more than 40% of the monthly salary of an unskilled or service worker. Understanding the epidemiology of gastroenterovirus and its induced host immune response could benefit the development for prevention and therapeutic management of gastroenterovirus. This review summarizes the epidemiological information and current knowledge of gastroenteroviruses that cause gastroenteritis in Taiwan.
INTRODUCTION
Acute infectious gastroenteritis causes high morbidity and mortality in children worldwide. This disease is characterized by watery diarrhea, dysentery, or/and accompanied by bloody diarrhea, chronic diarrhea, fever, dehydration, vomiting, nausea, abdominal pain, and extraintestinal manifestations, or asymptomatic infections. Untreated gastroenteritis is the major cause of infantile mortality, which leads to human tragedy and economic burden. In Taiwan, the cost of admission or hospitalization associated with gastroenterovirus infection is about more than 40% of the monthly salary of an unskilled or service worker [1] . Among the causes of gastroenteritis, viral infection which accounts for 51.2-88.3% incidence is the most important, whereas exclusively bacterial infection (9.1-13.4%) or concomitant bacterial and viral infection (2.6-7.3%) appeared to be responsible for smaller proportions [2] [3] [4] . Understanding the incidence rate and epidemiological diversities of gastroenteroviruses, which contribute to most gastroenteritis in Taiwanese, is one of the important strategies for preventing gastroenteroviruses infection. To provide an effective direction for preventing infections in Taiwan, this review summarizes the epidemiological *Address correspondence to this author at the School of Medical Laboratory and Biotechnology, Chung Shan Medical University, 110, Section 1, ChienKuo North Road, Taichung, Taiwan 402, Republic of China; Tel: 886-4-24730022; Ext: 11716; Fax: 886-4-23767469; E-mail: cyang@csmu.edu.tw information and current knowledge of gastroenteroviruses that cause gastroenteritis in Taiwan. We describe herein the classification and structure, epidemiological diversity, clinical manifestations and pathogenesis of respective gastroenteroviruses including rotavirus, adenovirus, calicivirus (norovirus and sapovirus), astrovirus and enterovirus. Their basic characteristics were listed in Table 1 . Moreover, the host immune responses to gastroenterovirus infections are also discussed.
ROTAVIRUS
Rotavirus is a member of the Reoviridae family. Its genome consists of eleven double-stranded RNA gene segments, which encode five structural and six non-structural proteins. The virus particles are composed of double-layered protein capsids with a diameter of 60-80 nm. The core of the virus particle comprises VP1, VP2 and VP3 [5] . The antigenic specificity of the inner capsid protein VP6 is classified into seven distinct groups, A, B, C, D, E, F and G. However, only groups A, B and C have been identified in humans, and the most common group leading to outbreaks is group A rotavirus [6] [7] [8] . Despite much effort made, we are unable to identify any group B or group C rotavirus in Taiwan [9] . Two outer capsid proteins, VP7 and VP4, are involved in induction of neutralizing antibodies after infected with rotavirus, and are employed to define the virus G and P serotypes, respectively [6, 7, 10] . Nowadays, at least 14 G and 20 P serotypes out of 15 G and 28 P genotypes have been identified in humans [10] .
The predominant viral pathogen of gastroenteritis in the world is rotavirus [3, 11] . The majority of rotavirus infection is asymptomatic or causes gastroenteritis episodes, which are self-limited and last for several days [12] [13] [14] . The clinical manifestations of rotavirus gastroenteritis include diarrhea (92-99%), fever (55-79%), dehydration (78-88%), vomiting (45-73%), bloody stool (3-8%), and seizure (3-5%) [4, 12, 15, 16] . More than 90% of children infected with rotavirus are younger than three years old [17] . It is also the first leading cause (30.4-48%) of virus infectious gastroenteritis, which also accounts for 92% of nosocomial infectious gastroenteritis, among children in Taiwan [2-4, 15, 18-22] . It occurs year round [15, 18, 19] in Taiwan, with more than 48% of gastroenteritis among children under five years old occurring in summer [2, 18, 22] and even more frequent, around 76-83 %, in winter [4, 15, 18, 21] .
Clinical manifestations of G1 and G9 rotavirus infection include diarrhea, fever, dehydration, and vomiting [4, 15] . However, seizure attack is likely to present in rotavirus gastroenteritis patients with G1 or G2 serotype in northern Taiwan [15] and G9 serotype in southern Taiwan [4] . The common G serotypes of rotavirus gastroenteritis identified in southern Taiwan are G1 (20-51%) and G9 (21-31%), followed by G3 (12-27%), G2 (3-16%), and G4 (1-3%) [4, 17] . However, it was also reported that G9 (37%) is the most common serotype identified in Taiwan between 2001 and 2003, followed by G1 (31%), G2 (10%), G3 (9.3%), and G4 serotypes (3.7%) [19] . Since 1992, serotype G9 strains have been detected in several countries [23] , such as Italy [24] , Libya [25] , Kenya [25] , Cuba [25] , Japan [26] , Thailand [26] , Brazil [27] , Argentina [28] , France [29] , England [30] , Australia [31] , America [32] , Bangladesh [33] , and India [34] . This indicates the gradual increase in frequency of serotype G9 infection, which may become one of the most important serotypes causing virus gastroenteritis [35] . Our previous investigation has found high prevalence of G9 strains in Taiwan, and suggested the shift of rotavirus genotype from type G1 before 1996, to G9 in 2001 and 2002, as well as the re-emergence of G3 type in 2002 [9] . Specifically, one strain named CS02-04 belonged to serotype G9, it possessed a high concordance in nucleotide and deduced amino acid sequence of VP7 to SP2737, which was from Japan. Comparing the difference in amino acid among the rotavirus strains in our previous study [9] and their most closely related reference strains reveals that VR3, rather than VR5, VR7 or VR8, was the most frequently mutated region of VP7 [9] . G1, G3, and some of the G9 strains all showed one or two amino acid substitutions in the H2 hydrophobic region. Moreover, Lin et al. [36] and Chen et al. [19] also found that G9 rotaviruses emerged between 2000 and 2002 in northern Taiwan, as well as between 2001 and 2003 all over Taiwan. In their studies, most of the G9 strains belonged to G9 P [8] [19, 36] , subgroup II, and long electrophorotype, and only one strain belonged to G9 P [4] , subgroup II, and short electrophorotype [36] . Nevertheless, it has been reported that G2 strains were detected from 1981 to 1987, and then became undetected for several years until 1992. Subsequently, reassortant G2 viruses caused an outbreak of gastroenteritis in northern Taiwan in 1993 [21] . Later, G2 rotavirus strains [21] were found to resemble genetically to an atypical serotype G2 rotavirus strain isolated in Australia [37] . It was also proposed that E210 (serotype G2P1B), which caused an outbreak of gastroenteritis in central and northern Australia in 1993-1994 [38] , was derived from the reassortment event between Taiwanese G2 strains imported into Australia and a local non-G2 virus [37] . These results from Taiwan support the view that a worldwide G9 prevalence is in progress. The observations concerning high circulation of G9 strains have strong implications for the clinical application of a suitable rotavirus vaccine, for example Rotarix, for use in Taiwan, because the available vaccine, Rotateq, which targets only G1-G4, does not offer adequate protection from such a serotype.
ADENOVIRUS
Adenoviruses are viral particles measuring 70 nm to 90 nm in diameter with double-stranded DNA. More than 49 immunologically distinct types of adenovirus have been found from humans. The most common manifestations of adenovirus infection involve both respiratory and gastrointestinal tracts. Adenovirus types 40 and 41 (Ad40 and Ad41), which result in gastroenteritis only with few respiratory symptoms, are referred as enteric adenoviruses.
Enteric adenovirus-associated gastroenteritis is usually mild and self-limited. For acute infection of entericadenovirus infection, severe diarrhea (92-97%) is the predominant symptom, with a mean duration of 8.6 days (Ad40) and 12.2 days (Ad41), respectively [12] . Prolongation of symptoms more than or equal to 14 days and low frequency of respiratory symptoms, around 21%, also exhibit for onethird of the children diagnosed with Ad41 infection [12, 39] . Besides diarrhea, fever (55-69%), vomiting (45-50%), dehydration (44-78%), bloody stool (3-6%), abdominal pain (12.5%), symptoms of upper respiratory tract infection (21.9%), and seizure (3%) are also found in patients with adenovirus infection [4, 12] . Among all patients with diarrhea, 72.2% have watery diarrhea in, 20% have diarrhea with mucus, 3.1% have diarrhea with blood, and 1.6% have diarrhea with both mucus and blood [12] .
In Taiwan, adenovirus is an important pathogen causing severe gastroenterovirus in children younger than two years old [12] . It may be the second leading cause of acute infantile virus gastroenteritis worldwide [39] [40] [41] , as well as in Taiwan [2, 18, 20] . It accounts for around 9.1-19.8% of virus infectious gastroenteritis in Taiwan [2, 18] . Although it is reported that infection with type 40 or type 41 adenovirus was usually endemic with no seasonal variation [39] , the incidence rate of enteric adenovirus in southern Taiwan peaked from October to December and declined rapidly in early spring [18] .
CALICIVIRUS
The Caliciviridae family is a family of viruses with a non-segmented positive-sense RNA. The caliciviruses have a simple construction and are not enveloped. The capsid appears hexagonal/spherical and has icosahedral symmetry with a diameter of 35-40 nm. Norovirus (previously called "Norwalk-like viruses") together with the sapoviruses are caliciviruses causing acute viral gastroenteritis in humans.
Noroviruses often cause explosive outbreaks of acute gastroenteritis in institutions. Norovirus infection is generally mild and self-limited [42] . The clinical symptoms include diarrhea, vomiting, fever, and stool occult blood [3] . Noroviruses can be genetically classified into five different genogroups (GI, GII, GIII, GIV and GV), which can be further divided into different genetic clusters or genotypes. Genogroups I, II and IV infect humans [43] . The most prevalent human genogroup, genogroup II, contains 19 genotypes [44] . Noroviruses from genogroup II, genotype 4 (abbreviated as GII/4) account for the majority of adult outbreaks of gastroenteritis and often sweep across the globe. For example, the US95/96-US strain was associated with global outbreaks in the mid-to late-90s. In 2006, there was another large increase in norovirus infection around the globe [45] . In 2007, there was an outbreak in northern California where around 80-100 people were infected.
Noroviruses are highly contagious, with an inoculum of as few as 10-100 particles being able to cause infection [46] . Transmission occurs through ingesting contaminated food and water and infection spreads by person-to-person. Transmission is predominantly faecal-oral but may be airborne due to aerosolization of vomit. It is an etiological agent for viral acute gastroenteritis in humans of all ages [42] and accounts for 8.2-25% of viral gastroenteritis in Taiwan [3, 18] . Contamination of foods or drinking water by norovirus is one of the leading causes of gastroenteritis outbreaks. However, it has been found that the top incidences of norovirus and rotavirus occurred during cold weather with and relatively low precipitation, but its occurrence was not associated with relative humidity [3] . Norovirus seems to occur more commonly between winter and early spring in southern Taiwan [18] . It was reported that the incidence rate can reach as high as 31.8 % between December and February in northern Taiwan [3] . The sub-genotype GII/4 (83%) is the dominant genotype of norovirus, and it is one of the majority genotypes that contribute to outbreaks of gastroenteritis in Taiwan between November 2004 and March 2005 [47] . In addition, during that period, different outbreaks of norovirus strains were attributed to different distinct genotypes. Moreover, norovirus GII strains Taipei-81K/Taipei-84K and Taipei-91L/TaipeiGII-93L were found in the same outbreaks. In addition, their sequences shared short conserved sites of 10 nucleotides at the 5' end of the capsid gene, suggesting that norovirus recombination events occurred when one strain came in contact with the other [47] .
Sapoviruses have been reported to induce sporadic infection in both young children and adults. Four genogroups (GI, GII, GIII and GIV) of sapoviruses are classified, though only GI, GII and GIV are known to infect humans. In northern Taiwan, genogroup I/genotype II sapovirus-associated outbreak of gastroenteritis occurred in 55 college students in May, 2007 [48] . In general, the annul incidence of gastroenteritis induced by sapovirus in Taiwan was low and estimated to be below 1%. Clinical manifestations, continued for around 10 days, include diarrhea, vomiting, abdominal cramps, and fever [48] .
ASTROVIRUS
Astrovirus belongs to the Astroviridae family and is a small non-enveloped virion with a diameter of 28-30 nm. It contains a single-stranded positive-sense RNA of 6.8 kb, and its characteristic five-or six-pointed star morphology has been detected by electron microscopy [49] . Astrovirus is hardy and relatively resistant to heat, ultraviolet irradiation, chlorine, and extreme changes in pH [50] . Watery diarrhea is the predominant manifestation and usually lasts for 2-6 days. Bloody stools, febrile, abdominal pain, vomiting, cough, rhinorrhea, skin rash, and hematochezia are also observed in patients with astrovirus infection, and the majority of patients recover without specific treatment [51] .
Epidemiologic studies have revealed that astrovirus is one of the significant causes of gastroenteritis in children, with a prevalence rate of around 2.9%, in Taiwan [2, 18, 51] . The nosocomial infection rate is approximately 16.7%, and astrovirus gastroenteritis is most prevalent in northern Taiwan between autumn and winter, particularly in December [51] .
ENTEROVIRUS
The Enterovirus genus includes distinct serotypes of viruses which belong to the family of Picornaviridae, such as three types of polioviruses, 24 types of coxsackie A viruses, six types of coxsackie B viruses, 34 types of echoviruses, and enterovirus types 68 to 71 [52] . Most of the enteroviruses are morphologically alike and have the characteristic of a small (7.7 kb) single strand RNA, and a diameter of 20 to 30 nm.
The incidence rates of enterovirus infections vary widely. It has reported that around 5.2% of pediatric viral gastroenteritis in Taiwan is attributed to enterovirus infections [2] . The peak incidence rate for most of the enterovirus infections occurs from May to October [53] , and most of those infected are younger than five years old [54] . The infections of enteroviruses are usually mild or asymptomatic, and vary with the specific enterovirus. Moreover, different serotypes of enterovirus infections may induce similar clinical manifestations, while the same serotype may have different manifestations. Paralysis is usually induced by poliovirus infection. However, infections of enterovirus types 68 to 71, par-ticularly for enterovirus 71 (EV71) infection, which are endemic in Taiwan for the past decade, can induce severe or fatal manifestations such as the lesions of hand, foot, and mouth syndrome-associated encephalitis, viral meningitis, acute flaccid paralysis, encephalomyelitis, cardiopulmonary failure, or central nervous system involvement rather than gastroenteritis [53] [54] [55] [56] .
TRANSMISSIONS OF GASTROENTEROVIRUSES AND HOST IMMUNE RESPONSES
Transmissions of gastroenteroviruses can be induced by food-borne transmission, person-to-person contact, contaminated drinking water, and environmental contaminations. Innate immunity functions in response to foreign pathogens. Toll-like receptors (TLRs) are transmembrane proteins expressed by cells of the innate immune system, which recognize invading microbes and activate signaling pathways that launch immune and inflammatory responses to destroy the invaders. For example, it was reported that TLR3 activates immune cells and mediators, including natural killer cells and interferon gamma, in response to double-stranded viral RNA, a molecular signature of most viruses [57] . In recent years, it has been suggested that the protein melanoma differentiation-associated gene-5 (MDA-5) may be the primary immune sensor, and to a lesser extent, TLR3, that detects the presence of noroviruses in the body [58] . People with common variations of the MDA-5 gene are more susceptible to norovirus infection. MDA-5 and TLR3 are both intracellular proteins responded by causing other cells to release interferon, which shuts down production of the virus and initiates a full-scale immune attack. During the initial stage, early innate responses may be triggered by the episode of infection in order to recognize and limit the spread of infection when adaptive immune response is developing.
Cellular and humoral immune responses are considered as the crucial defense for disease prevention as well as control and clearance of virus infection. It was found that B cells, monocytes, and dendritic cells are susceptible to the initial steps of gastroenterovirus infection [59, 60] . Dendritic cells have been regarded as the main source of IFNproduction [59] and the important activator for specific T cells [59, 60] . Moreover, macrophage-activated cytotoxic T cells and helper T cells are associated with the persistence of memory T cells [61] .
When infected with pathogens, microbial proteins are processed and found to promote the activation of T lymphocytes. It has been reported that the activated specific cytotoxic T lymphocytes destroy directly virus-infected cell by recognition of the virus antigen presented on the surface of major histocompatibility complex (MHC ) class I, and inactivate intracellular viral proteins by secretion of cytokines [62, 63] . Helper T cells are essential for the development of immunoglobulin, eosinophil activation, cytokine production, and contribute to the phagocyte-dependent and independent protective responses [64] . Moreover, individuals with T-cell immunodeficiency are susceptible to chronic enteric virus infections [65] . Development of T-helper type 1 (Th1) and T-helper type 2 (Th2) cells from their precursor cells is augmented through signal transduction initiated by the innate immune system [66] [67] [68] [69] as well as the initiation and regulation in accordance with cytokine production during responses to infectious agents [67, [69] [70] [71] .
Although the specific mechanisms are not well understand, it was reported that cytotoxic T lymphocytes play an important role in viral clearance during primary gastroenterovirus infections, such as rotaviruses [72] , noroviruses [73] , and enteroviruses infections [74] . Virions devoured by antigen-presenting cells (APCs) and the released viral proteins can elicit activation of T cells [75] . It was reported that infected dendritic cells serve to act as the antigen-presenting cells for the recognition of virus antigen by cytotoxic T cells [61] and low concentrations of endogenous synthesis of viral antigen are necessary for priming of cytotoxic T cells [76] . VP7 protein of rotavirus is a principle target of specific cytotoxic T lymphocytes [77] . The response of cytotoxic T cells to rotavirus infection peaks on days 5 to 7 after infection and then declines rapidly in infected mice [78] . After exposure of human peripheral blood mononuclear cells to rotavirus, the rotaviruses non-structural proteins are expressed in T cells, B cells, natural killer cells, monocytes, and dendritic cells. However, these expressions are abolished by anti-VP7 neutralizing antibodies [59] .
For IgG, IgG1 and IgG3 [79, 80] act as host defenses against astrovirus infection. However, we believe that this also holds true for other gastroenteroviruses, since our previous studies and other research groups have shown that IgG1 and IgG3 are the main IgG subclasses found in infection by human cytomegalovirus [81] , human herpes virus 6 [82] , hantavirus [83, 84] , and human immunodeficiency virus [85] , and hepatitis B virus [86] [87] [88] [89] . The cross-regulation between Th1 and Th2 cytokines is associated with the development of antigen pathogenesis [64] . It was found that the recombinant GII/4 norovirus capsid protein can induce strong Th1-Th2-like cellular immune responses [73] . The mRNA expression of Type 1 T-helper cell cytokines, such as interferon gamma (IFN-), interleukin (IL)12, and Type 2 T-helper cell cytokine IL4, have been found after onset of diarrhea and then reduced on day 3, in peripheral blood mononuclear cells of gastroenteritis patients with rotavirus infection [14] . Moreover, it was found that tumor necrosis factor (TNF)-and IFN-secretion are significantly increased, and IL-2 cytokine levels were moderately increased after transfection of recombinant GII/4 norovirus capsid protein gene into BALB/c mice [73] . TNF-has been suggested to be associated with the defense against adenovirus infection [90] .
The secretory intestinal immunoglobulin A (IgA) is presented with rotaviruses [91] , astroviruses [92] , and astroviruses infection [93] . Th2 cytokines, IL-5, promoting IgA production, was consistently and significantly elevated with high serum and mucosal IgA antibody titers [73] .
CONCLUSION
In Taiwan, similar to other countries, rotavirus is the major cause (30.4-48%) of infectious gastroenteritis, followed by adenovirus (9.1-19.8%), norovirus (8.2-25%), enterovirus (< 5.2 %), astrovirus (2.7-2.9%) and other viruses (including sapovirus) (< 1 %) (Fig. 1) . Diarrhea is the dominant symptom of viral gastroenteritis. It subsequently induces dehydration and malnutrition, which contribute to high morbidity and mortality. Multiple viruses infection caused the highest total intestinal disorder severity score of viral gastroenteritis, followed by rotavirus infection [3, 4] . In Taiwan, gastroenterovirus infections usually occur all year round although a high prevalence rate is mainly found in winter season. Prevention against viral gastroenteritis throughout the year is necessary, particularly for children younger than five years old. Sanitary living conditions, efficient sewage treatment, intake of hygienic food and water, and avoidance of personto-person infection are important strategies for preventing viral gastroenteritis. Finally, understanding the epidemiology of gastroenterovirus and its induced host immune response could benefit the development for prevention and therapeutic management of gastroenterovirus. 
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